Hepatitis B virus (HBV) replication is inhibited in a noncytopathic manner by alpha/beta interferon (IFN-␣/␤) and IFN-␥. We demonstrate here that inhibitors of cellular proteasome activity can block this antiviral effect. These results suggest that a critical component of the IFN-induced antiviral response may be the proteasome-dependent degradation of viral or cellular proteins that are required for HBV replication.
Replication of hepatitis B virus (HBV) can be inhibited noncytopathically by various cytokines. The interferon-induced inhibition of HBV replication was first described in a 1.3-genome-length HBV transgenic mouse model (20) . When injected with HBsAg-specific cytotoxic T lymphocytes, replication of HBV in the liver of the transgenic mice is strongly inhibited in a noncytopathic manner that is mediated primarily by gamma interferon (IFN-␥) and tumor necrosis factor alpha (19) . The antiviral effect of the cytokines in this model occurs in two distinct phases. First, HBV DNA replicative intermediates disappear from the liver with no change in viral mRNA. Later, the level of HBV mRNA is downregulated by a posttranscriptional mechanism. Inhibition of HBV replication in the transgenic mice can also be induced by nonspecific stimuli that induce IFN-␣/␤ [infection with lymphocytic choriomeningitis virus, murine cytomegalovirus, or adenovirus, injection with poly(I-C)] or IFN-␥ (injection with interleukin 12 or ␣-galactosylceramide) (7, 8, 18, 27, 35) . However, other than the observation that the antiviral effect of IFN-␣/␤ is at the level of assembly or stability of pregenomic RNA containing HBV capsids (47) , relatively little is known concerning the intracellular events that mediate this process.
The lack of understanding of the molecular mechanism of IFN-mediated inhibition of HBV replication is due in part to a lack of a suitable model system with which to study these events. To produce a model system in which the intracellular events that mediate the IFN-induced antiviral effect could be more easily studied, the 1.3-HBV transgenic mice were crossed with mice that express a constitutively active hepatocyte growth factor receptor (c-met) (1), and an immortalized hepatocyte cell line (HBV-Met) was established from the liver of a doubletransgenic mouse (V. Pasquetto, S. F. Wieland, S. Uprichard, M. Tripodi and F. V. Chisari, unpublished data). These cells differentiate in culture when exposed to 2% dimethyl sulfoxide (DMSO), and upon differentiation express and replicate HBV from the integrated 1.3 transgene. Furthermore, HBV replication in the HBV-Met cell line is inhibited by either IFN-␥ or IFN-␤, similar to what is observed in vivo in the transgenic mice.
To better understand the cellular processes that mediate the antiviral effect, the changes in cellular gene expression that accompany the IFN-mediated inhibition of replication in the livers of the 1.3-HBV transgenic mice and in the HBV-Met hepatocyte cell line were examined by microarray analysis (S. F. Wieland et al., unpublished data). A number of genes were induced by both IFN-␣/␤ and IFN-␥ with kinetics that paralleled the antiviral effect. These included a variety of genes associated with the ubiquitin-proteasome pathway of protein degradation, such as the IFN-inducible proteasome catalytic subunits LMP2, LMP7 (5, 14, 28, 34, 40) , and MECL-1 (17, 23, 38) , the IFN-inducible proteasome activator PA28 (11, 33) , and a ubiquitin-activating enzyme E1-like protein (UBE1L) (29, 30) . The proteasome is a large multisubunit protease that degrades cytoplasmic and nuclear proteins that are targeted for degradation by polyubiquitination (46, 50) . This process is important for the destruction of abnormal or damaged proteins, in the regulation of short-lived regulatory proteins, and in the generation of peptides for class I antigen presentation (10) . Interestingly, the HBV X protein has been shown to bind to various proteasome subunits, and this interaction was demonstrated to be important for the transactivation activity of the X protein (2, 13, 24, 25, 45, 51) .
Because the expression of proteasome subunits was correlated with the IFN-induced inhibition of HBV replication, we hypothesized that the proteasome might play a role in mediating the antiviral effect. Therefore, we examined the requirement for proteasome activity in the IFN-induced antiviral effect in the HBV-Met cell line utilizing cell-permeable proteasome inhibitors (3, 31) . Lactacystin is a Streptomyces metabolite that inhibits the proteasome irreversibly by covalent modification of the proteasome ␤-subunits (9, 12, 39) . Lactacystin displays a high degree of specificity, since other than the proteasome, only cathepsin A activity is inhibited by lactacystin (41) . HBV-Met cells (clone 1-1.4) were grown to confluence and cultured for 10 days in 2% DMSO to induce differentiation, HBV gene expression, and viral replication. The cells were then pretreated with 20 M lactacystin (Calbiochem, San Diego, Calif.) for 1 h, after which 500 U of recombinant murine IFN-␤/ml (22) (Provided by M. Moriyama, Toray Industries, Tokyo, Japan) was added to the cultures. The cells were then incubated for an additional 12 to 24 h, after which they were lysed with DNA lysis buffer (50 mM Tris-HCl [pH 8 .0], 20 mM EDTA, 1% sodium dodecyl sulfate) or GTC solution (4.2 M guanidine isothiocyanate, 25 mM sodium citrate [pH 7.3], 0.5% Sarkosyl) for preparation of total DNA and RNA, respectively. Southern hybridization analysis was performed with a genome-length HBV probe on 20 g of HindIII-digested DNA to determine the level of HBV DNA replicative intermediates. Northern blots were performed on 10 g of total RNA for 2Ј5Ј-oligoadenylate synthetase (OAS) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) transcripts to serve as a control for IFN-mediated signaling and transcriptional induction. In the presence of lactacystin alone, viral replication was similar to that observed in control cultures, indicating that proteasome inhibition does not inhibit or enhance viral replication (Fig. 1 ). In the presence of IFN-␤ alone, viral replication was almost completely abolished by 12 h after addition of IFN-␤ (Fig. 1) , even though expression of the HBV 3.5-and 2.1-kb mRNAs from the 1.3 transgene was unchanged compared to the control cultures (data not shown). However, if the cells were first treated with lactacystin, the antiviral effect of IFN-␤ was completely abolished. In both the presence and absence of lactacystin, expression of 2Ј5Ј-OAS was strongly induced by IFN-␤. Thus, lactacystin blocked the IFN-␤-induced antiviral effect even though IFN-␤-mediated signaling and transcriptional induction remained functional.
Although lactacystin is a well-characterized specific inhibitor of the proteasome, we wanted to test additional proteasome inhibitors to confirm that the effect on the IFN-␤-induced antiviral effect was proteasome specific. MG-132 (carbobenzoxy-L-leucyl-L-leucyl-L-leucinal) is a tri-peptide aldehyde that functions as a reversible substrate-analog inhibitor of the proteasome (26, 32, 42, 43, 48, 49) . MG-132 is less specific for the proteasome than lactacystin, as it can also inhibit a number of cellular cathepsins and calcium-dependent proteases. Epoxomicin is a natural product of Actinomycetes that, like lactacystin, inhibits the proteasome irreversibly by covalent modification (21, 36, 44) . However, epoxomicin is more potent than lactacystin and has not been shown to inhibit any other cellular protease. Finally, NLVS (4-hydroxy-5-iodo-3-nitrophenylacetyl-Leu-Leu-Leu-vinylsulfone) is a derivative of a modified trileucine peptide aldehyde that inhibits the proteasome by irreversible covalent modification but may also inhibit cathepsin S activity (4). As was observed with lactacystin, MG-132 and epoxomicin did not affect HBV replication or IFN-␤- Fig. 2A) . Furthermore, NLVS also inhibited the IFN-␤-mediated antiviral effect, similar to the other inhibitors, but with a moderate decrease in 2Ј5Ј-OAS induction (Fig. 2B) . Therefore, four different proteasome inhibitors with various potencies, specificities, and biochemical mechanisms of inhibition all blocked the IFN-␤-induced antiviral effect, suggesting that the effect of the inhibitors is indeed proteasome specific and that the antiviral effect of IFN-␤ is proteasome dependent. Since both IFN-␣/␤ and IFN-␥ inhibit HBV replication, we also wanted to determine if inhibiting the proteasome blocked the IFN-␥-mediated antiviral effect. As before, HBV-Met cells were incubated for 1 h with or without lactacystin, after which 1,000 U of recombinant murine IFN-␥ (provided by S. Kramer, Genentech, South San Francisco, Calif.)/ml was added to the cells. In this experiment, cells were harvested at 24 and 36 h post-addition of IFN-␥ since HBV is inhibited more slowly by IFN-␥ in the HBV-Met cells than by IFN-␤ (data not shown). Like the IFN-␤-mediated antiviral effect, the IFN-␥-induced inhibition of replication can also be blocked by inhibition of the proteasome (Fig. 3) . Furthermore, 2Ј5Ј-OAS expression was also induced to similar levels by IFN-␥ in the presence and absence of the inhibitor, indicating the IFN-␥-mediated signaling pathway remained functional. Thus, these results indicate that both the IFN-␤-and IFN-␥-induced antiviral effects are proteasome dependent and may therefore occur through a common mechanism.
To provide further evidence that the inhibition of the antiviral effect is specific to an effect on the proteasome and not a general toxic effect due to the inhibitors, we determined whether the inhibition of the antiviral effect is reversible upon removal of MG-132 (a reversible inhibitor) and lactacystin (an irreversible inhibitor). Again, HBV-Met cells were pretreated with the inhibitors for 1 h followed by addition of 500 U of IFN-␤/ml, and cells were harvested at 12 and 24 h for Southern blot analysis. In addition, two cultures were incubated for 12 h with MG-132 plus IFN-␤ or lactacystin plus IFN-␤, after which the medium was removed and the cells were washed and further incubated in medium containing only 500 U of IFN-␤/ml for an additional 24 h. As shown in Fig. 4 , the inhibition of the antiviral effect by MG-132 is reversible upon removal of the inhibitor, while the lactacystin-mediated effect is not. Thus, the reversibility of the process is consistent with the known biochemical mechanisms of the two proteasome inhibitors, providing further evidence that their ability to block the antiviral effect of IFN-␤ is proteasome specific.
The inhibition of HBV replication by IFN-␣/␤ is associated in vivo with a decline in cytoplasmic pregenomic RNA-and DNA-containing capsids (47) . Therefore, we wanted to determine if proteasome inhibition would block the IFN-induced disappearance of capsid particles from the hepatocyte cytoplasm. Cytoplasmic protein extracts (cells lysed in 50 mM TrisHCl [pH 7.5], 100 mM NaCl, 1 mM EDTA, 1% NP-40) and total DNA were prepared from HBV-Met cells treated with epoxomicin (1 h of pretreatment) and/or IFN-␤ at 5, 12, and 24 h post-IFN-␤ addition. Southern blot analysis of the total DNA confirmed that IFN-␤ triggered the disappearance of DNA replicative intermediates and that this effect was blocked by epoxomicin (Fig. 5) . The cytoplasmic protein extracts (100 g) were electrophoresed at 50 V for 4 h on 0.6% agarose gels to resolve HBV capsid particles, which were transferred to a nitrocellulose membrane for immunoblot analysis with an anti-HBV core polyclonal antibody (Dako, Carpinteria, Calif.) or a nylon membrane for hybridization with an HBV probe to ex- This result is consistent with the interpretation that the effect of the proteasome inhibitors in blocking the antiviral effect is at the level of assembly or stability of cytoplasmic pregenomic RNA-or DNA-containing capsids, which is where the antiviral effect is known to occur in vivo.
Relatively little is known about the cellular factors that are necessary for the IFN-induced inhibition of HBV replication. The results presented here indicate that proteasome activity is required for this antiviral effect. Furthermore, the fact that the IFN-␤-and IFN-␥-mediated antiviral effects are both blocked by proteasome inhibition suggests that the inhibition of HBV replication induced by these two cytokines is mediated through similar if not identical mechanisms. By degrading viral proteins into peptides for class I antigen presentation, the proteasome is clearly an important, although indirect, component of the host immune response against most viruses. Our results indicate that the proteasome may also have a direct antiviral activity against HBV that is induced by both IFN-␤ and IFN-␥. This observation, therefore, may represent a novel mechanism by which IFN-induced proteins inhibit viral replication. Furthermore, the fact that the HBV X protein has been demonstrated to inhibit proteasome activity raises the possibility that one function of X may be to modulate this effect (24) .
There are a number of possible events that could explain the proteasome dependence of the IFN-mediated inhibition of HBV replication. First, an IFN-induced increase in ubiquitination of proteins required for viral particle assembly or maturation could lead to their degradation, thus limiting viral replication. Second, it is possible that by stimulating the expression of the IFN-inducible proteasome activators and catalytic subunits, IFN enhances the rate of degradation of proteins necessary for replication. Third, there could be IFNinduced factors that target proteins required for replication to the proteasome for degradation in a ubiquitin-independent manner. In all of these cases, the critical proteins that are targeted for degradation by the proteasome could be either viral or cellular proteins. In addition, the effect may occur by inhibiting the assembly of nascent capsids or by the destabilization and degradation of capsids that have already formed.
It is also possible that one or more of the IFN-induced proteins with known antiviral activity (double-stranded-RNAdependent protein kinase, RNase L, and Mx) (15, 16) mediates the inhibition of HBV replication in a proteasome-dependent manner. In addition, we cannot formally rule out the possibility that IFN induces a proteasome-sensitive, Jak/STAT-independent signal transduction cascade that mediates the antiviral effect. Finally, proteasome inhibition may have a number of other effects on the cell (such as depletion of free ubiquitin and the induction of a cellular stress response) that could possibly influence the IFN-induced antiviral effect (6, 37) . Irrespective of which mechanism ultimately proves to be correct, determining the role of the proteasome in the IFN-mediated inhibition of HBV replication will lead to a better understanding of the factors that contribute to HBV persistence and pathogenesis.
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